Introduction
The NMDA-type ionotropic glutamate receptors (NMDARs) play critical roles in neuronal development, excitotoxicity, and synaptic plasticity (Bliss and Collingridge, 1993; Seeburg, 1993; Choi, 1994; Hollmann and Heinemann, 1994) . Functional NMDARs are heteromultimers mainly consisting of NR1 and NR2 (NR2A-NR2D) subunits (Wenthold et al., 2003) . The NR2 subunits determine synaptic localization and function of NMDARs because deletion of the C-terminal tail of NR2 perturbs synaptic NMDAR localization, impairs NMDAR-mediated synaptic activity, and alters synaptic plasticity , and disruption of PSD-95 clustering had no effect on synaptic localization of NMDARs (Passafaro et al., 1999). Similarly, PSD-95 mutant mice exhibit defects in synaptic plasticity and spatial learning despite the proper synaptic localization of NMDARs (Migaud et al., 1998). These results suggest that PDZ domain-mediated interactions between NMDARs and PSD-95/SAP90 family proteins are not required for synaptic targeting of NMDARs. Instead, these interactions are important for stabilizing and/or promoting surface NMDAR expression and linking NMDAR to cytoplasmic signaling pathways.
Although our understanding of the functional roles of PDZ domain-mediated interactions between NMDARs and PSD-95/ SAP90 family proteins has increased, little is known about the mechanisms that dynamically regulate these interactions. For the AMPA receptor (AMPAR), PKC phosphorylation of the C-terminal PDZ ligand of the AMPA receptor subunit (GluR2) disrupts its interaction with the PDZ domains of glutamate receptor interacting protein (GRIP) but not PICK1 (protein interacting with C kinase-1) (Matsuda et al., 1999; Chung et al., 2000) and regulates AMPAR trafficking (Chung et ward rectifier potassium channel Kir2.3 disrupts its interaction with PSD-95 (Cohen et al., 1996) . We hypothesized that phosphorylation of the C-terminal T/SXV motif of NR2B may regulate the interactions between NMDARs and PSD-95/SAP90 family proteins. We found that casein kinase II (CK2) directly phosphorylates the Ϫ2 serine residue (Ser1480) within the C-terminal T/SXV motif of NR2B. Such phosphorylation disrupts the interaction of NMDARs with the PDZ domains of PSD-95 and SAP102 and reduces surface NMDAR expression in neurons. Furthermore, NMDAR activity regulates CK2 phosphorylation of Ser1480 partially via Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII). These results indicate that activitydependent phosphorylation of the PDZ ligand may be a critical regulator of NMDAR function and synaptic plasticity.
Materials and Methods
Generation and characterization of anti-NR2B-pS1480 antibodies. Anti-NR2B-pS1480 antibody was raised against the synthetic peptide KFNGSSNGHVYEKLSSIESDV corresponding to amino acids 1463-1482 of NR2B with phosphoserine included at Ser1480. Anti-NR2B-pS1480 antibodies were affinity purified from sera by sequential chromatography on Affi-Gel (Bio-Rad, Hercules, CA) columns covalently linked to BSA-conjugated unphosphorylated and Ser1480-phosphorylated NR2B peptides. Antibody characterization was performed on the immunoblots of rat hippocampal P2 membranes and human embryonic kidney 293T (HEK293T) cell crude membrane fractions. HEK293T cells were transfected with pRK5, pGW1-NR2B (Kim et al., 1996), or pGW1-NR2BS1480A using calcium phosphate coprecipitation (Chung et al., 2000) . Rat hippocampal P2 membranes were prepared as described previously (Luo et al., 1997). Crude membrane fractions of HEK293T cells were isolated as described previously (Chung et al., 2000) . Protein samples were loaded onto an SDS-PAGE gel, transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon-P membrane; Millipore, Bedford, MA), and analyzed by immunoblotting with anti-NR2B-pS1480 and anti-NR2B C-terminal antibodies. To test the specificity, anti-NR2B-pS1480 antibodies were preincubated with either unphosphorylated or Ser1480-phosphorylated NR2B peptides (20 g/ml), or PVDF membrane was treated with -phosphatase (1200 U/ml; New England Biolabs, Beverly, MA) for 30 min at 30°C before immunoblotting.
Site-directed mutagenesis. NR2B Ser1480 in pGW1-NR2B was mutated to alanine using QuikChange Site-Directed Mutagenensis (Stratagene, La Jolla, CA) and the following synthetic oligonucleotides: sense 5Јctt-tctagtattgaggctgatgtctgagtgag3Ј, antisense 5Јctcactcagacatcagcctcaatacta-gaaag3Ј). NR2B Ser1480 in pRK5-GFP-NR2B (provided by Dr. S. Vicini, Georgetown University, Washington, DC) was mutated to a glutamate residue using the following oligonucleotides: sense 5Јctttctagtattgaggag-gatgtctgagtgag3Ј, antisense 5Јctcactcagacatcctcctcaatactagaaag3Ј).
Purification of crude membranes from cortical neurons. Neurons were homogenized by sonication in 1 ml of resuspension buffer [10 mM sodium phosphate, pH 7.0, 100 mM NaCl, 5 mM EGTA, 5 mM EDTA, 1 M okadaic acid, 50 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and protease inhibitor mixture (2 g/ml aprotinin, 1 g/ml leupeptin, 2 g/ml antipain, 10 g/ml benzamide, and 1 mM PMSF)]. The homogenates were centrifuged at 14,000 ϫ g to obtain crude membrane pellets, which were resuspended in SDS sample buffer.
Immunoblot analysis. Qualitative immunoblots were visualized by enhanced chemiluminescence development using Renaissance substrate (PerkinElmer Life Sciences, Newton, MA). Quantitative immunoblots were visualized by enhanced chemifluorescence development (Amersham Biosciences, Piscataway, NJ) and quantified on a Storm Imaging system (Molecular Dynamics, Sunnyvale, CA) with Image Quant software (Amersham Biosciences). To quantify the relative degree of phosphorylation, we calculated the ratio of the intensity of the labeling with anti-NR2B-pS1480 antibody to the intensity of the labeling with anti-NR2B C-terminal antibody. The phosphorylation ratio of control samples was taken as 100%, and the phosphorylation ratio of test samples was normalized to the ratio of control samples to obtain the percentage of phosphorylation.
Activation of NMDARs in neurons. High-density cortical neuronal cultures from 18-d-old embryonic rats were prepared as described previously (Ghosh and Greenberg, 1995) . DL-APV (200 M; Tocris, Ellisville, MO) was added to glia-conditioned culture medium 4 d after plating and maintained for 3 weeks as reported previously (Liao et al., 2001 ). To activate NMDARs, these neurons were transferred to artificial CSF (ACSF) (in mM: 10 HEPES-free acid, 150 NaCl, 3 KCl, 10 glucose, and 2 CaCl 2 , pH 7.4) containing 100 M picrotoxin, 5 M strychnine, and 100 M glycine [APV withdrawal (APV wd)] for 15 min at 37°C with or without 1 M TTX (Tocris). Control neurons were transferred to ACSF containing 1 mM MgCl 2 and 200 M DL-APV to continue to block NMDARs (APV control). In 0 mM Ca 2ϩ experiments, neurons were incubated in the APV withdrawal ACSF without calcium.
Inhibition or activation of kinases in neurons. Three-week-old cortical neurons were incubated with DMSO (0.1% v/v; as control) or various kinase inhibitors for 1 hr before APV withdrawal or APV control. Inhibitors were (in M): 5-10 KN93, 5-10 KN92, 5 chelerythrine, 10 RP-8-bromo-cAMP (RP-8-Br-cAMP), and 10 -20 4,5,6,7-tetrabromobenzotriazole (TBB; provided by Dr. D. Shugar, Institute of Biochemistry and Biophysics, Warsaw, Poland). To activate PKC and PKA, respectively, neurons were incubated with 0.4 M phorbol 12-myristate 13-acetate (TPA) and 20 M forskolin for 15 min at 37°C. All kinase inhibitors and activators used here were purchased from Calbiochem (San Diego, CA), except RP-8-Br-cAMP (Sigma, St. Louis, MO).
Surface biotinylation. Steady-state surface biotinylation of the neurons was performed with 1 mg/ml sulfo-NHS-LC-biotin (Pierce, Rockford, IL), and the biotinylated surface proteins were purified by incubating with 100 l of 50% NeutraAvidin agarose (Pierce) as described previously (Chung et al., 2000) .
In vitro phosphorylation of NR2B fusion proteins. The vector pGEX-NR2B containing the NR2B C-terminal tail (residues 1230 -1482) fused in frame with glutathione S-transferase (GST) was constructed. NR2B fusion proteins were purified from Escherichia coli BL21 cells after induction with isopropyl ␤-D-1-thiogalactopyranoside (IPTG; Sigma) as described in the GST gene fusion system handbook (Amersham Biosciences). All in vitro phosphorylation reactions were performed with 0.2 g of NR2B fusion proteins and 100 M ATP or [␥- 32 P]ATP (500 -1000 cpm/pmol) in a 50 l total volume for 20 min at 30°C and stopped by adding 25 l of 3ϫ SDS-PAGE sample buffer. Phosphorylation was visualized by autoradiography or by immunoblotting with anti-NR2B-pS1480 antibodies. Phosphorylation of NR2B fusion proteins by CaMKII (50 U; Calbiochem) was performed in CaMKII reaction buffer (10 mM HEPES, pH 7, 10 mM MgCl 2 , 1 mM CaCl 2 , 1.2 M calmodulin; Calbiochem). Phosphorylation reactions by CK2 (20 -50 U; New England Biolabs) were performed in CK2 reaction buffer (in mM: 20 Tris-HCl, pH 7.5, 10 MgCl 2 , 150 NaCl , and 1 DTT). Phosphorylation reactions by G-protein-coupled receptor kinase 2 and 5 (GRK2 and GRK5) were performed in GRK reaction buffer (20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 5 mM MgCl 2 , and 0.4 g of GRK2 or GRK5; provided by Dr. J. Benovic, Thomas Jefferson University, Philadelphia, PA) with NR2B fusion proteins or 0.2 g of purified urea-treated bovine rod outer segments (provided by Dr. J. Benovic). For TBB inhibition, CK2, GRK2, and GRK5 were preincubated with 20 M TBB before the reaction. For in vitro phosphorylation of NR2B fusion proteins by CaMKII phosphorylated CK2, phosphorylation of CK2 (10 U) by rat brain CaMKII (20 ng) was first performed in a 25 l total volume of CaMKII reaction buffer with 100 M ATP for 30 min at 30°C. After the reaction mixture was cooled on ice with 10 M KN93 (Calbiochem) for 10 min, the mixture was added to 25 l of CK2 reaction buffer containing 0.2 g of GST fusion proteins of NR2B and 100 M ATP. The resulting 50 l reaction was incubated at 30°C for various time points (0 -9 min).
In vitro phosphorylation of CK2 by CaMKII. Phosphorylation of CK2 (2 g) was performed in a 50 l total volume of CaMKII reaction buffer containing 100 M [␥- 32 P]ATP (500 -1000 cpm/pmol), 20 M TBB, and rat brain CaMKII (20 ng; Calbiochem) and analyzed by autoradiography.
Immunoprecipitation. For immunoprecipitation (IP) of NR2B, neurons were harvested in IP buffer (25 mM Tris-HCl with 100 mM NaCl, 5 mM EDTA, 5 mM EGTA, 1 M okadaic acid, 50 mM NaF, 1 mM sodium vanadate, and protease inhibitor mixture) containing 1% SDS and then diluted with 5 vol of ice-cold 2% Triton X-100 in IP buffer. NR2B subunits were immunoprecipitated with 4 g of anti-NR2B C-terminal antibodies for 2-3 hr at 4°C. For coimmunoprecipitation, neurons were harvested in IP buffer containing 2% Triton X-100, and NMDAR complexes were immunoprecipitated with 4 g of anti-NR1 C-terminal antibodies. Immunoprecipitates were eluted with SDS-PAGE sample buffer and subjected to immunoblot analysis with anti-NR2B C-terminal, anti-NR2B-pS1480, and anti-PSD-95 antibodies. To quantify the coimmunoprecipitation, we calculated the ratio of the intensity of the labeling with anti-PSD-95 antibody to the intensity of the labeling with anti-NR2B C-terminal antibody for coimmunoprecipitation and input. The PSD-95/NR2B ratio of APV control samples was taken as 100%, and the ratio of APV withdrawal samples was normalized to the ratio of APV control samples to obtain the percentage ratio (PSD-95/NR2B).
In vitro binding studies. Full-length SAP102 cDNA was subcloned into the vector pRK5 with an N-terminal myc tag. The HEK293T cells transfected with Myc-SAP102-pRK5 or PSD-95-pGW1 were harvested in IP buffer containing 1% Triton X-100 and then incubated with either unphosphorylated or Ser1480-phosphorylated NR2B peptides conjugated to affinity columns at 4°C for 2 hr. The columns were prepared by coupling 2 mg/ml BSA-conjugated peptides with 2 ml of activated AffiGel-10 resin. After extensive washing with IP buffer, the bound proteins were eluted by SDS sample buffer and analyzed by immunoblot with anti-myc and anti-PSD-95 antibodies.
Yeast cotransformation assay for protein interaction. Yeast assays were performed as described previously (Dong et al., 1997) using the PJ69 strain harboring HIS3, ADE2, and ␤-galactosidase as reporter genes. The C-terminal NR2B (residues 1257-1482) or mutant NR2BS1480E cDNAs were subcloned into the vector pPC97, whereas PDZ domains (1-3) of PSD-95 cDNAs were subcloned into the vector pPC86. The interactions between PSD-95 and NR2B were detected by growth on quadruple minus plates (Leu-, Trp-, His-, Ade-) and assayed for ␤-galactosidase activity with 5-bromo-4-chloro-3 indolyl-␤-D-galactopyranoside as a substrate.
Immunocytochemistry of hippocampal neurons. Low-density hippocampal cultures from 18-d-old embryonic rats were prepared on coverslips as described previously (Goslin, 1991) . Permeabilized immunostaining of the hippocampal neurons [21 d in vitro (DIV)] was performed as described previously (Liao et al., 1999) using anti-CK2␣ (Santa Cruz Biotechnology, Santa Cruz, CA), anti-PSD95 (Upstate, Charlottesville, VA), and anti-NR1 C-terminal antibodies (Liao et al., 1999) . For surface immunostaining, hippocampal neurons (7 DIV) were transfected with the vector pRK5-GFP-NR2B wild type or pRK5-GFP-NR2BS1480E using Lipofectamine2000 (Invitrogen, Carlsbad, CA). After APV control or withdrawal, surface immunostaining on the transfected neurons (9 DIV) was performed using anti-green fluorescent protein (GFP) antibody (Chemicon, Temecula, CA) as described previously (Luo et al., 2002) . The surface GFP-NR2B subunits were stained with rhodamine Red X (RRX)-conjugated secondary antibodies, whereas the total GFP-NR2B subunits were visualized by GFP fluorescence. Images of the pyramidal neurons were taken with a digital camera of confocal microscope (Zeiss) using identical exposure times to visualize the difference of fluorescence intensity. The ratio of surface GFP intensity over total GFP intensity per unit area was measured using the MetaMorph Imaging System (Universal Imaging, Downingtown, PA).
Data analysis. All data are reported as mean Ϯ SE. Sample size n refers to the number of images processed in immunostaining and the number of dishes analyzed in phosphorylation, biotinylation, and in vitro phosphorylation assay. For phosphorylation, a group-paired t test was used to test the difference between the control and testing groups. For surface immunostaining, Student's t test was used (*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001).
Results
The C-terminal PDZ ligand of NR2B is phosphorylated at Ser1480 in vivo We generated a phosphorylation site-specific antibody to recognize the in vivo phosphorylated serine residue (Ser1480) within the NR2B PDZ ligand (T/SXV). The resulting antibody, anti-NR2B-pS1480, detected a single protein of 180 kDa, the predicted molecular weight of the NR2B subunit, in the HEK293T cells transfected with the wild-type NR2B but not empty pRK5 vector (mock) (Fig. 1 A) . Mutation of Ser1480 to alanine (NR2B-S1480A) abolished recognition of NR2B by anti-NR2B-pS1480 (Fig.  1A) . Incubation of anti-NR2B-pS1480 antibody with Ser1480-phosphorylated NR2B C-terminal peptides (p2B) before immunoblotting blocked recognition of NR2B, whereas incubation with unphosphorylated peptides (2B) did not (Fig. 1B) . Anti-NR2B-pS1480 antibody did not recognize NR2B when NR2B was dephosphorylated by -phosphatase treatment before immunoblotting (Fig. 1C ). These results demonstrate the specificity and phosphorylation dependence of anti-NR2B-pS1480 antibody.
In rat hippocampal membrane homogenates, anti-NR2B-pS1480 antibody detected a protein of 185 kDa, which comigrated with the NR2B subunit as detected by anti-NR2B C-terminal antibody, and two additional proteins of 90 kDa (Fig.  1 D) . Incubation of anti-NR2B-pS1480 antibody with p2B pep- Figure 1 . The C-terminal PDZ ligand of NR2B is phosphorylated at Ser1480 in vivo. A-C, Characterization of the phosphorylation site-specific anti-NR2B-pS1480 antibody using immunoblots of HEK293T cell crude membranes expressing NR2B. After immunoblotting with anti-NR2B-pS1480 antibody, the blot was stripped and reblotted with phosphorylationindependent anti-NR2B C-terminal antibody. A, Anti-NR2B-pS1480 antibody recognized NR2B in cells transfected with wild-type NR2B (NR2B) but not empty vector (mock) or the mutant NR2B (NR2BS1480), in which Ser1480 was mutated to alanine. B, Anti-NR2B-pS1480 antibody did not recognize NR2B when anti-NR2B-pS1480 antibody was preincubated with Ser1480-phosphorylated NR2B C-terminal peptide (p2B) but not unphosphorylated peptide (2B). C, Anti-NR2B-pS1480 antibody no longer recognized NR2B when the blot was pretreated with -phosphatase before immunoblotting. D, E, Western blot for NR2B-pS1480 in rat brain membrane homogenates. D, Anti-NR2B-pS1480 antibody recognized NR2B in rat brain. Preincubation of anti-NR2B-pS1480 antibody with Ser1480-phosphorylated NR2B C-terminal peptide (p2B) but not unphosphorylated peptide (2B) blocked NR2B recognition by anti-NR2B-pS1480 antibody. E, Anti-NR2B-pS1480 antibody no longer recognized NR2B when the blot was pretreated with -phosphatase before immunoblotting.
tides but not 2B peptides before immunoblotting abolished recognition of NR2B (Fig. 1 D) . Anti-NR2B-pS1480 antibody did not recognize NR2B when the homogenates were dephosphorylated by -phosphatase treatment before immunoblotting (Fig.  1 E) . These results indicate that the PDZ ligand of NR2B is phosphorylated at Ser1480 in vivo.
Activity of NMDARs regulates phosphorylation of NR2B Ser1480
To examine whether neuronal activity regulates phosphorylation of NR2B Ser1480, the NMDAR antagonist (APV) was added to cultured cortical neurons at day 4 after plating, and the neurons were maintained in APV for 3 weeks as described previously (Liao et al., 2001 ). This chronic blockade of NMDAR activity has been shown to increase NMDAR clusters in these neurons (Liao et al., 2001) . Quantitative immunoblot analysis with anti-NR2B-pS1480 and anti-NR2B C-terminal antibodies revealed that chronic APV treatment significantly decreased phosphorylation of NR2B Ser1480 compared with the APV-untreated control neurons (51 Ϯ 11% of control; n ϭ 4; p Ͻ 0.05) (Fig. 2 A) , without affecting the level of NR2B expression (97 Ϯ 9% of control; n ϭ 4; p Ͼ 0.05).
To examine rapid activity-dependent changes in the phosphorylation of NR2B Ser1480, chronic APV-treated cortical neurons were incubated with ACSF containing picrotoxin (GABA A receptor blocker), strychnine (glycine receptor antagonist), and glycine (NMDAR co-agonist) for 15 min as described previously (Liao et al., 2001 ). This APV withdrawal treatment allows rapid activation of synaptic NMDARs by the spontaneous release of glutamate. Control neurons were maintained in ACSF containing APV (APV control). NR2B subunits were immunoprecipitated with anti-NR2B C-terminal antibodies from these cultures and immunoblotted with anti-NR2B-pS1480 and anti-NR2B C-terminal antibodies. Rapid activation of NMDARs by APV withdrawal increased phosphorylation of NR2B Ser1480 compared with APV control (271 Ϯ 43% APV control; n ϭ 4; p Ͻ 0.05) (Fig. 2 B, D) . Similar levels of increased phosphorylation were detected for surface NR2B subunits (340 Ϯ 53% APV control; n ϭ 4; p Ͻ 0.05) (Fig. 2 D) . Interestingly, activation of both synaptic and extrasynaptic NMDARs by bath application of glutamate (100 M) or NMDA (50 M) in APV-untreated neurons caused dephosphorylation of Ser1480 [NMDA, 31 Ϯ 2% of control (n ϭ 3), p Ͻ 0.05; glutamate, 30 Ϯ 5% of control (n ϭ 3), p Ͻ 0.05; data are shown in supplemental material, available at www.jneurosci.org].
High-density cortical neuronal cultures have high levels of spontaneous activity (Murphy et al., 1992) . To test whether phosphorylation of NR2B Ser1480 is attributable to NMDAR activation by spontaneous synaptic responses, APV withdrawal was performed in the presence of TTX, which blocks sodium channel-mediated action potentials. APV withdrawal increased the phosphorylation of NR2B Ser1480 (489 Ϯ 64% of APV control; n ϭ 6; p Ͻ 0.001). In contrast, APV withdrawal in the presence of TTX caused a much less dramatic increase in the phosphorylation of Ser1480 (262 Ϯ 39% of APV control; n ϭ 4; p Ͻ 0.01) (Fig. 2C ). In addition, no increase in the phosphorylation of Ser1480 was observed when we performed APV withdrawal in Ca 2ϩ -free ACSF to block the release of presynaptic vesicles (92 Ϯ 16% of APV control; n ϭ 4; p Ͼ 0.05) (Fig. 2C ). These results demonstrate that synaptic NMDAR activation dynamically modulates phosphorylation of the NR2B PDZ ligand.
CaMKII regulates phosphorylation of NR2B Ser1480
Synaptic NMDAR activation has been shown to stimulate CaMKII activity (Fukunaga et al., 1992) . To determine whether CaMKII can regulate phosphorylation of NR2B Ser1480, chronic APV-treated cortical neurons were preincubated with DMSO (0.1% v/v), KN93 (CaMKII inhibitor; 5-10 M), or KN92 (inac- Figure 2 . NMDAR activity regulates phosphorylation of the NR2B PDZ ligand. Quantitative immunoblot analysis with anti-NR2B-pS1480 and anti-NR2B C-terminal antibodies was performed on the crude membranes of cultured cortical neurons. A, Chronic APV treatment of cultured cortical neurons decreased phosphorylation of NR2B Ser1480 (APV; n ϭ 4; t test; *p Ͻ 0.05) compared with the control neurons maintained in APV-free medium (Ctl), without affecting the level of NR2B expression. B-D, Synaptic NMDARs were activated by removing APV for 15 min from the chronic APV-treated neurons (APV wd). The APV control neurons were maintained in APV (APV ctl). B, IP of NR2B subunits using anti-NR2B C-terminal antibody. Synaptic activation of NMDARs by APV withdrawal increased phosphorylation of NR2B Ser1480. C, APV withdrawal significantly increased phosphorylation of NR2B Ser1480 compared with the APV control (n ϭ 6; t test; ***p Ͻ 0.001). This increase was partially blocked by 1 M TTX (APV wdϩTTX; n ϭ 4; t test; **p Ͻ 0.01) and was abolished by APV withdrawal without calcium (APV wdϩ0 mM Ca 2ϩ ; n ϭ 4; t test; p Ͼ 0.05). D, APV withdrawal significantly increased Ser1480 phosphorylation of surface biotinylated NR2B subunits compared with APV control (APV ctl; n ϭ 4; t test; *p Ͻ 0.05).
tive analog of KN93; 5-10 M) for 1 hr before APV withdrawal. APV withdrawal in DMSO-treated neurons increased phosphorylation of NR2B Ser1480 (330 Ϯ 49% of APV DMSO control; n ϭ 5; p Ͻ 0.001) and activated CaMKII as detected by increased autophosphorylation of CaMKII at Thr286 (Fig. 3A) . KN93 treatment completely inhibited the activation of CaMKII and partially blocked the APV withdrawal-induced phosphorylation of Ser1480 (206 Ϯ 26% of APV DMSO control; n ϭ 4; p Ͻ 0.05), whereas KN92 treatment did not (320 Ϯ 50% of APV DMSO control; n ϭ 4; p Ͻ 0.05) (Fig. 3A) . These results indicate that CaMKII is partially required for activity-induced phosphorylation of NR2B Ser1480.
Synaptic NMDAR activation has also been shown to stimulate PKA (Roberson and Sweatt, 1996) and PKC (Klann et al., 1993) activity. However, treatment of neurons with chelerythrine (PKC inhibitor; 5 M) or RP-8-Br-cAMP (PKA inhibitor; 10 M) did not inhibit APV withdrawal-induced phosphorylation of NR2B Ser1480 [APV wd plus chelerythrine, 253 Ϯ 25% of APV DMSO control (n ϭ 3); APV wd plus RP-8-Br-cAMP, 290 Ϯ 36% of APV DMSO control (n ϭ 3); p Ͻ 0.05] compared with DMSO treatment (APV wd plus DMSO, 243 Ϯ 24% of APV DMSO control; n ϭ 3; p Ͻ 0.05) (Fig. 3B) . Furthermore, treatment of neurons with forskolin (20 M) or TPA (0.4 M) to stimulate PKA and PKC, respectively, had no effect on the phosphorylation of Ser1480 (data not shown).
To test whether CaMKII directly phosphorylates NR2B Ser1480, we performed in vitro phosphorylation reactions using GST fusion proteins of the NR2B C-terminal tail (residues 1230 -1482) with the purified rat brain CaMKII. CaMKII did not phosphorylate Ser1480 but robustly phosphorylated Ser831 of GluR1, a previously characterized CaMKII site (Mammen et al., 1997) (Fig. 3C) . These results together suggest that it is not likely that CaMKII, PKA, or PKC phosphorylate NR2B at Ser1480 in vivo and that a kinase(s) downstream of CaMKII phosphorylates this site after synaptic NMDAR activation.
Synaptic NMDAR activation increases CK2 phosphorylation of NR2B PDZ ligand
The amino acid sequence surrounding NR2B Ser1480 (IESDV) is a strong consensus site for CK2 (Meggio et al., 1994) . To determine whether CK2 is the relevant in vivo kinase for NR2B Ser1480, chronic APV-treated cortical neurons were incubated with DMSO (0.1% v/v) or TBB (10 -20 M) for 1 hr before APV withdrawal. TBB is a cell-permeable, highly specific CK2 inhibitor that inhibits 85% of CK2 activity at this concentration in vitro (Sarno et al., 2001) . APV withdrawal of DMSO-treated neurons increased CaMKII activity and phosphorylation of NR2B Ser1480 (348 Ϯ 50% of APV DMSO control; n ϭ 4; p Ͻ 0.05) (Fig. 4 A) . In contrast, TBB treatment abolished APV withdrawalinduced phosphorylation of Ser1480 (124 Ϯ 16% of APV DMSO control; n ϭ 4; p Ͼ 0.05) but not autophosphorylation of CaMKII Thr286 (Fig. 4 A) . Moreover, CK2 directly phosphorylated GST fusion proteins of the NR2B C-terminal tail at Ser1480 in vitro (Fig. 4 B) . These results suggest that CK2 acts downstream reactions of GST fusion proteins of the NR2B C-terminal tail and GluR1 C-terminal tail were performed with CaMKII (50 U). Phosphorylation of NR2B Ser1480 and GluR1 Ser831 (a previously characterized CaMKII site) was detected by immunoblotting with anti-NR2B-pS1480 and anti-GluR1-pS831 antibodies, respectively. CaMKII directly phosphorylated GluR1 Ser831 but not NR2B Ser1480. The asterisk indicates the C-terminally truncated GluR1 fusion protein, which is recognized by anti-GluR1-pS831 antibody but not by anti-GluR1 C-terminal antibody.
of CaMKII and phosphorylates NR2B Ser1480 after synaptic NMDAR activation.
Because GRK2 and GRK5 also preferentially phosphorylate serine or threonine residues surrounded by acidic amino acids (Palczewski, 1997), we also performed an in vitro phosphorylation reactions with purified active GRK2 and GRK5. GRK2 and GRK5 phosphorylated NR2B Ser1480 very weakly compared with the same amount of CK2 (Fig. 4C) . To test whether the CK2 inhibitor TBB can block GRK2 and GRK5, we performed in vitro phosphorylation reaction with GRK2 and GRK5 in the presence of TBB (20 M) using rhodopsin as a substrate. TBB dramatically decreased CK2 phosphorylation of NR2B Ser1480 (Fig. 4 D) but had no effect on the phosphorylation of rhodopsin by GRK2 (Fig.  4 E) and GRK5 (data not shown). These results suggest that GRK2 and GRK5 do not regulate phosphorylation of NR2B Ser1480 after synaptic NMDAR activation.
To examine the subcellular localization of CK2 in relation to the distribution of NMDARs, we performed immunostaining on 3-week-old cultured hippocampal neurons using anti-CK2␣ antibody and anti-NR1 C-terminal antibody. CK2 catalytic ␣ subunits were localized in soma and throughout dendrites as small clusters (Fig. 4 F) . CK2 colocalized with NR1 in dendritic shafts and some spines (Fig. 4 F) . To test whether excitatory synapses contain CK2, we performed immunostaining with anti-PSD-95 antibody. CK2␣ subunits also colocalized with PSD-95 in some dendritic spines (Fig. 4G) . These results suggest that CK2 exists in close proximity to NMDARs to phosphorylate NR2B Ser1480.
CK2 is cyclic nucleotide independent and cannot be directly activated by calcium (Litchfield, 2003) . Previous studies show that phosphorylation of its catalytic ␣ and regulatory ␤ subunits by CK2 itself or other kinases can regulate CK2 activity (Blanquet, 1998; Litchfield, 2003) . Because CaMKII was partially required for APV withdrawal-induced phosphorylation of NR2B Ser1480 by CK2 (Figs. 3, 4) , we investigated whether CaMKII can stimulate CK2 activity by directly phosphorylating its catalytic ␣ or regulatory ␤ subunits. We performed in vitro phosphorylation reactions of CK2 holoenzyme with CaMKII in the presence of TBB (20 M) to minimize the autophosphorylation of CK2 itself. CaMKII directly phosphorylated the ␤ but not the ␣ subunit of CK2 (Fig. 5A ). To test whether CaMKII phosphorylation of CK2␤ can increase the catalytic activity of CK2, we first in vitro -phosphorylated CK2 with CaMKII and then added KN93 to inhibit CaMKII activity. This reaction mixture was incubated with GST fusion proteins of the NR2B C-terminal tail and CK2 reaction buffer at 30°C for 0 -9 min. Preincubation of CaMKII with CK2 overall increased CK2 phosphorylation of NR2B at Ser1480 compared with CK2 alone (Fig. 5B ). However this increase was statistically significant at the 6 min time point (146 Ϯ 11% of CK2 alone; n ϭ 4; p Ͻ 0.05) but not at the 3 and 9 min time points (n ϭ 4; p Ͼ 0.05) (Fig. 5B) . These results indicate that direct phosphorylation of CK2␤ by CaMKII has no effect on the catalytic activity of CK2 in vitro. . TBB did not inhibit GRK2 activity. F, Immunostaining of 3-week-old low-density cultured hippocampal neurons with anti-CK2␣ (CK2␣) and anti-NR1 C-terminal antibodies (NR1). CK2␣ subunits colocalized with NR1 in the dendritic shafts and some spines. G, Immunostaining of 3-week-old low-density cultured hippocampal neurons with anti-CK2␣ (CK2␣) and anti-PSD-95 antibody (PSD-95). CK2␣ subunits also colocalized with PSD-95 in some dendritic spines.
Phosphorylation of NR2B PDZ ligand disrupts its interaction with SAP102 and PSD-95
To investigate whether phosphorylation of Ser1480 in the NR2B C-terminal PDZ ligand can regulate the interaction of NR2B with PSD-95/SAP90 family proteins, we tested the in vitro binding of PSD-95 or SAP102 to Ser1480-phosphorylated (p2B) or unphosphorylated NR2B C-terminal (2B) peptides. HEK293T cell lysates expressing PSD-95 and SAP102 were incubated with NR2B peptide-conjugated affinity columns, and bound proteins were eluted and analyzed by immunoblotting. PSD-95 and SAP102 interacted with the 2B peptide but not the p2B peptide (Fig. 6 A) . The interaction of PSD-95 and SAP102 with the p2B peptide was recovered when the p2B peptide was dephosphorylated by -phosphatase before the binding experiment (Fig. 6 A) . These results indicate that phosphorylation of Ser1480 disrupts the interaction of NR2B with the PDZ domains of PSD-95 and SAP102.
Because APV withdrawal significantly increased phosphorylation of NR2B Ser1480 (Fig. 2) , synaptic NMDAR activation may regulate the interaction of NMDARs with the PSD-95/ SAP90 family proteins. To test this, NMDARs were immunoprecipitated with anti-NR1 C-terminal antibodies from cortical neurons treated with APV control or withdrawal. Compared with APV control, synaptic NMDAR activation increased phosphorylation of NR2B Ser1480 but decreased the amount of PSD-95 that coimmunoprecipitated with NR2B subunits (Fig. 6 B) . This decrease was statistically significant as shown by the ratio of the (2 g) with TBB (20 M) by purified rat brain CaMKII (50 U). CaMKII directly phosphorylated CK2 ␤-subunits. B, Immunoblot analysis of in vitro phosphorylation reactions of the GST fusion proteins of the NR2B C-terminal tail by CK2 (20 U), which was first phosphorylated by CaMKII (50 U) in vitro. After CaMKII phosphorylation of CK2, KN93 was added to block CaMKII activity. Preincubation of CaMKII with CK2 overall does not significantly increase CK2 phosphorylation of NR2B Ser1480 compared with CK2 alone. However, the increase was statistically significant at the 6 min time point (n ϭ 4; t test; *p Ͻ 0.05). (Fig. 6 B) . In contrast, APV withdrawal did not change the overall amount of PSD-95 and NR2B in total lysate [input (APV wd), 84 Ϯ 12% of APV control (n ϭ 5); p Ͼ 0.05] (Fig. 6 B) . These results demonstrate that activity-induced phosphorylation of NR2B Ser1480 attenuates the interaction of NMDAR with PSD-95 in vivo.
Phosphorylation of NR2B PDZ ligand decreases surface expression of NR2B
Disruption of the interactions between NR2B and PSD-95/ SAP102 by phosphorylation of the NR2B PDZ ligand may regulate surface membrane trafficking of NMDARs. To test this, we first mutated Ser1480 to glutamate, which mimics the negative charge of phosphorylated Ser1480.In the yeast two-hybrid system, this phosphorylation mimic mutant, NR2B S1480E C terminus, failed to interact with PDZ domains (1-3) of PSD-95, whereas the wild-type NR2B C terminus interacted well (Fig. 7B) . Next, we transfected primary hippocampal neurons with wildtype subunits or the phosphorylation mimic mutant NR2B subunits, which were tagged extracellularly with GFP (GFP-NR2B and GFP-NR2B S1480E). Surface GFP-NR2B subunits were labeled live with anti-GFP antibody and visualized by RRX-conjugated secondary antibody, whereas total GFP-NR2B was visualized by GFP fluorescence. Surface immunostaining showed surface expression of both wild-type GFP-NR2B and mutant GFP-NR2B S1480E on the plasma membrane of dendrites and soma as distinct clusters in hippocampal pyramidal neurons (Fig.  7A) . However, surface clusters of mutant GFP-NR2B S1480E were less intense and smaller compared with wild-type NR2B (Fig. 7A ). The ratio of surface GFP intensity over total GFP intensity per unit area of mutant NR2B S1480E was significantly lower than that of wild-type NR2B in the dendrites [wild type, 0.135 Ϯ 0.024 per unit area (n ϭ 19); S1480E, 0.034 Ϯ 0.005 per unit area (n ϭ 26); p Ͻ 0.001] (Fig. 7C ). These data demonstrate that phosphorylation of NR2B Ser1480 decreases the surface expression of NMDARs.
Discussion
The present study demonstrates that CK2 phosphorylation of Ser1480 within the NR2B C-terminal PDZ ligand regulates PDZ domain-mediated interaction and surface expression of NMDAR. Interestingly, activity of NMDAR and CaMKII regulates CK2 phosphorylation of Ser1480. Thus, activity-dependent phosphorylation of the PDZ ligand provides a powerful way to control NMDAR trafficking and excitatory synaptic function. , 1997) . NR2B Ser1480 is the first CK2 phosphorylation site identified among the NMDAR subunits. CK2 is highly enriched in brain and phosphorylates various synaptic and nuclear substrates implicated in neuronal development and survival, neurite extension, synaptic transmission, and synaptic plasticity (Blanquet, 2000) . CK2 can regulate NMDAR channel gating (Lieberman and Mody, 1999), although the role of CK2 phosphorylation of NR2B Ser1480 in NMDAR channel properties is not known. We also show that CK2 colocalizes with NMDAR in dendrites and at some excitatory synapses, Figure 7 . Mutation of Ser1480 to glutamate decreases surface expression of NR2B in neurons. A, Surface immunostaining of GFP-NR2B wild-type and mutant subunit (NR2B S1480E) in which Ser1480 was replaced with glutamate to mimic phosphorylated Ser1480 (left; scale bar, 10 m). The right panels show higher magnification of the insets in the left panel. B, In the yeast two-hybrid system, PDZ domains of PSD-95 failed to interact with phosphorylation mimic mutant NR2B S1480E and deletion mutant NR2B (NR2B ⌬5aa), in which the PDZ ligand was deleted. C, Quantification of surface GFP staining of wild-type NR2B (n ϭ 19) and mutant NR2B S1480E (n ϭ 26) as the ratio of surface GFP intensity over total GFP intensity per unit area (t test; ***p Ͻ 0.001).
Phosphorylation of the NR2B PDZ ligand by CK2
consistent with studies demonstrating enrichment of CK2 activity in synaptosomes (Girault et al., 1990) .
Interestingly, CK2 phosphorylation of NR2B Ser1480 is regulated by activation of NMDAR itself. Suppression of NMDAR activity by chronic APV treatment decreases Ser1480 phosphorylation, whereas rapid activation of synaptic NMDARs by APV withdrawal increases Ser1480 phosphorylation. Similarly, induction of NMDAR-dependent long-term potentiation (LTP) in rat hippocampal slices leads to a calcium-dependent increase in CK2 activity (Charriaut-Marlangue et al., 1991). Chronic APV treatment of cultured cortical neurons increases the proportion of "silent synapses" containing only NMDAR (Liao et al., 1999), delaying synapse development. Chronic APV treatment may also affect the morphology of dendritic spines, because NMDAR activity regulates spine morphology (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999). However, APV withdrawal from the chronic APV-treated neurons allows activation of only synaptic NMDARs by synaptically released glutamate and stimulation of CK2 activity for which there is no known activator so far. Because APV withdrawal has been shown to convert silent synapses to "conducting synapses" con- It is unclear how synaptic NMDAR activation leads to calcium-dependent CK2 phosphorylation of NR2B Ser1480 because calcium does not directly activate CK2 (Hathaway and Traugh, 1982) . Because the CaMK inhibitor KN93 partially blocks APV withdrawal-induced phosphorylation of NR2B Ser1480, calcium/ calmodulin-dependent protein kinases may regulate CK2 activity. However, we found that direct phosphorylation of CK2␤ by CaMKII does not increase CK2 activity in vitro, although the role of CaMKI and CaMKIV in CK2 activity remains to be tested. Alternatively, calmodulin may mediate synaptic targeting of CK2 by interacting with CK2␤ (Grein et al. 
Regulation of PDZ domain-mediated interaction by phosphorylation of the NR2B PDZ ligand
The inhibition of NR2B interaction with PSD-95 and SAP102 by phosphorylation of the PDZ ligand at Ser1480 can be explained by the structure of type 1 PDZ domain-T/SXV motif interaction (Doyle et al., 1996; Morais Cabral et al., 1996) . The addition of a phosphate group to the Ϫ2 serine or threonine residue of the T/SXV motif will disrupt the critical hydrogen bond formed between the Ϫ2 residue of the T/SXV motif and the histidine within a hydrophobic groove in the PDZ domain (Doyle et al., 1996; Morais Cabral et al., 1996) . Similar to our results, PKA phosphorylation of the Ϫ2 serine residue of inward rectifier potassium channel Kir2.3 abolishes binding of Kir2.3 to PSD-95 (Cohen et al., 1996) . GRK5 phosphorylation of the Ϫ2 serine of the ␤2-adrenergic receptor disrupts binding of the receptor to the PDZ domain of NHERF (Na ϩ /H ϩ exchanger regulatory factor) protein (Cao et al., 1999) . Moreover, the Ϫ3 serine of the AMPA receptor subunit GluR2 with its type 2 PDZ ligand (ϪSVKI) can be phosphorylated by PKC, and such phosphorylation disrupts binding of GluR2 to the PDZ domain of GRIP (Matsuda et al., 1999; Chung et al., 2000) . Thus, phosphorylation of the serine or threonine residue within the PDZ ligands may be a common mechanism for regulating PDZ domain-mediated interactions. . Consistent with these findings, we found that mutation of NR2B Ser1480 to glutamate, which mimics phosphorylated Ser1480, disrupts NR2B interaction with PSD-95/SAP102 and decreases the size and intensity of surface NR2B clusters. Phosphorylation of NR2B Ser1480 may regulate surface expression of NMDAR by multiple mechanisms. Because NMDAR can move laterally between synaptic and extrasynaptic domains of the plasma membrane (Tovar and Westbrook, 2002), phosphorylation of surface NR2B at Ser1480 would disrupt NMDAR interaction with PSD-95/PSD-93 and allow NMDAR to move from synaptic to extrasynaptic regions where they could be internalized by exposing an internalization signal in the NR2B C terminus (Fig. 8 A) . Alternatively, phosphorylation of intracellular NR2B at Ser1480 would disrupt NMDAR interaction with SAP102 and block surface delivery of NMDAR mediated by SAP102/sec8 -exocyst complex formation (Fig. 8 B) .
Our studies suggest that NMDAR activity may regulate synaptic targeting of NMDAR by modulating phosphorylation of NR2B Ser1480. We demonstrated that phosphorylation of Ser1480 decreases with chronic APV treatment, whereas it increases after removal of APV. Interestingly, chronic APV treatment increases synaptic accumulation of NMDAR clusters with no preference between NR2A-and NR2B-containing receptors Early subplate ablation prevents the invasion of thalamic axons into layer 4 (4 ), whereas later ablation blocks the anatomical segregation of thalamic axons from the lateral geniculate nucleus (LGN) into ODCs in primary visual cortex (5).
The prevailing hypothesis about ODC formation and plasticity is that activity-dependent competition between LGN axons representing each eye leads to their selective growth or pruning (3). However, recent observations that ODCs emerge earlier than previously thought, even before the onset of patterned visual experience (2, 6) , have required a revision of this hypothesis, and one suggestion is that subplate neurons are involved (2) .
To determine how the subplate might influence functional development and organization of visual cortex, subplate neurons were selectively ablated at P6 to P9 in cats (7 ) . This time is just before the onset of ODC formation (6, 8, 9) and just after the ingrowth of LGN axons to cortical layer 4 (10). To make localized and selective ablations, we either used kainic acid injections (4, 5) or an immunotoxin (11, 12) to p75, a neurotrophin receptor expressed in the neocortex only by subplate neurons at this age (1) .
Response properties of cortical neurons were evaluated after subplate ablation by optical imaging and microelectrode recordings at P24 to P49 (7 ), when well-organized orientation maps are normally present (6, 13, 14 ) . Orientation maps in control hemispheres or far from the ablation were highly organized (Fig. 1A , left and center), in contrast to poor organization in the highly local region surrounding the immunotoxin-ablated area (Fig. 1A , center). Kainic acid injections created even larger regions of disrupted or absent orientation maps (Fig. 1A, right) . Polar maps representing both the angle and strength of tuning revealed weaker orientation selectivity in the ablated region (Fig. 1B) , indicating the existence of an additional severe functional deficit. ODC maps were also degraded in ablated hemispheres ( fig. S1 ), consistent with previous anatomical data (5).
Degraded orientation maps can result from neurons well tuned to different orientations but not segregated into columns, from neurons poorly tuned for orientation, or simply from neurons that respond poorly to visual stimuli. To distinguish between these alternatives, ocular dominance and orientation tuning of single cortical neurons were measured with microelectrode recordings (7 ) in both ablated and control regions in each animal (Fig. 1A and fig. S2 ). Because LGN axons are abundant in layer 4 of subplate-ablated cortex ( Fig. 2A) (Fig. 1, C and D) . In addition, visually driven units in ablated cortex were only weakly driven by the ipsilateral eye, resulting in a strong response bias toward the contralateral eye (15) . This bias is reminiscent of normal visual cortex at earlier developmental ages (6, 13) , suggesting arrested development.
Alterations in cortical organization, as measured by several anatomical and molecular correlates, were also similar after immunotoxin or kainate ablations. In the immunotoxin-ablated region, uniform transneuronal labeling showed that ODCs were absent despite a robust projection from the LGN to layer 4 ( Fig. 2A) , as with kainate ablations (5); ODCs were present in immediately adjacent unablated regions. Brainderived neurotrophic factor (BDNF) mRNA (7 ) also increased in layers 2 to 4 of cortex located above the immunotoxinablated region (Fig. 2, B and D) , as occurs after kainate ablations (16 ) .
Although immunotoxin ablation altered geniculocortical connectivity, gene expression, and columnar functional organization of cortex, the gross histology of cortical layers residing above the ablation site was indistinguishable from that of unablated adjacent regions (Fig. 2E) . Cortical p75 is almost exclusively restricted to the subplate (1), but cholinergic fibers from basal forebrain are also known to express p75 (17 ) . Therefore, we also verified that cholinergic fibers were abundant in immunotoxinablated regions ( fig. S4 ). The only obvious histological effect seen after immunotoxin injection was the loss of neurons in WM, as expected because subplate neurons are normally located there (Fig. 2, F and G) .
In summary, both immunotoxin and kainate treatments have similar consequences for cortical development yet act through completely different mechanisms. Thus, observed changes are specifically because of removal of subplate neurons rather than nonspecific effects of the injections (18) .
One explanation for the functional deficits in visual cortex is that LGN neurons are affected by subplate ablation. When we recorded in the LGN, however, neurons projecting to the ablated site had responses and receptive field organization (Fig. 3A) appropriate for this age (19) . Thus, observed defects in orientation tuning and visual responsiveness must occur beyond the LGN.
To examine whether the cortical defect originates at thalamocortical synapses, we electrically stimulated the LGN while we recorded evoked field potentials at a retinotopically matching cortical location in vivo. Field potentials in subplate-ablated regions were smaller in all layers, particularly layer 4, than those in control regions (Fig. 3B) , consistent with only weak activation of thalamocortical synapses. These results were confirmed by in vitro recordings from slices of visual cortex (7 ) . Field potentials recorded in layers 2/3 and 4, evoked by WM stimulation, were vastly reduced in the ablated regions (Fig. 3C) . The size of the monosynaptic response in layer 4 was significantly smaller, implying very weak thalamocortical synapses (Fig.  3D) . In contrast, evoked potentials in layer 2/3 after layer 4 stimulation were close to normal in amplitude and waveform in ablated regions (Fig. 3E) .
Histological observations and in vivo recordings indicate that layer 4 neurons are present after subplate ablation. Whole-cell patch recordings performed on layer 4 neurons in slices (8) confirmed that neurons from ablated regions fired action potentials to current injections (Fig. 4A) , had normal measures of intrinsic membrane properties (Fig. 4B) , and appeared to have normal dendritic morphology (Fig. 4A, inset) . The attenuated field potentials after subplate ablation could reflect a lack of spatial organization and neuronal synchrony in subplate-ablated cortex or an underlying attenuation of synaptic currents. Direct measurement of the size of excitatory synaptic inputs to layer 4 neurons showed that excitatory postsynaptic currents evoked by electrical WM stimulation (eEPSCs) were reduced by 80% in subplate-ablated slices compared to those of controls ( Fig. 4C; see  also fig. S5 ).
Because thalamocortical axons are present in layer 4 (for example, Fig. 2A ) and LGN neurons have normal visual responses, it is possible that the attenuation in thalamocortical transmission is because of a postsynaptic defect. In fact, mRNA expression of the dominant AMPA receptor subunit, GluR1, is selectively reduced by 65% within layer 4 in the ablated area (Fig.  4D) , implying that the maturation of layer 4 synapses is impaired. In marked contrast to the decreased eEPSC amplitudes after subplate ablation (Fig. 4C) , the amplitudes of the spontaneous miniature EPSCs (mEPSCs) are unchanged in layer 4 neurons (Fig. 4E) , and their frequency actually increased (Fig. 4F) . The observed increase in spontaneous activity in the face of decreased thalamic inputs is consistent with the presence of a homeostatic mechanism controlling overall synaptic input (20) . Taken together, recordings from layer 4 in vivo and in vitro indicate that layer 4 neurons are present and can receive intracortical synaptic input (as evident from the mEPSCs) but that there has been a selective loss of synaptic drive from the thalamus.
The major finding of this study is that subplate ablation leads to an impairment in synaptic transmission of visually driven activity from the LGN into cortical circuits. Although LGN axons are present in layer 4, the cortex becomes essentially uncoupled from the thalamus, as assessed both in vivo and in vitro. In addition, functional ODCs and orientation maps do not develop [Supporting Online Material (SOM) Text]. Although the majority of neurons were unresponsive to visual stimuli, some cells did have robust visual responses but nevertheless were not orientation-selective. This global absence of functional tuning of cortical maps after subplate ablation is related to the failure of thalamocortical synapses to strengthen and the abnormally low expression in layer 4 neurons of key molecular components mediating glutamatergic transmission, such as GluR1.
How can subplate ablation lead to the observed functional decoupling of thalamus from cortex? Although increased feed forward inhibition could mask thalamocortical EPSCs, our observation of increased mEPSC frequency and absence of large inhibitory postsynaptic currents makes this hypothesis unlikely. We favor the hypothesis that depolarizing input from subplate 
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www.sciencemag.org SCIENCE VOL 301 25 JULY 2003 neurons is needed for the activation of previously "silent" thalamocortical synapses (21) because subplate neurons supply excitatory input to cortical neurons (22, 23) . In this case, some form of learning rule, known to be present at thalamocortical synapses (24, 25) , is disrupted in the absence of subplate neurons, preventing the progressive strengthening of thalamic synapses. The observation here that GluR1 mRNA is decreased after subplate ablation implies that excitatory drive on all cortical neurons, including inhibitory neurons, is also diminished.
It is remarkable that eye segregation fails even though LGN receptive fields are normal and both LGN axons and layer 4 neurons are present in subplate-ablated cortex. Our observations constrain mechanisms of patterning of connectivity in cortical circuits. It has been suggested that thalamocortical connectivity during the critical period depends on cortical circuits outside of layer 4 (26 ) . In contrast, our findings show that patterning of thalamocortical connectivity before onset of the critical period crucially depends on proper LGN input to the cortex, as regulated by subplate neurons. Furthermore, Crowley and Katz have proposed that eye-specific molecular cues set up the initial pattern of ODCs during development (2, 27 ), with activity being required only at later ages. If so, then our results argue that these hypothetical molecular cues in cortex reside not in layer 4 or LGN axon terminals, both of which are present in the subplate-ablated cortex, but instead in the subplate. Alternatively, subplate neurons could mediate very early activity-dependent interactions driven by correlated spontaneous activity relayed from the retina to the cortex by LGN neurons, which is also known to be present in corticogeniculate circuits (3, 28) . Regardless of which alternative proves to be the case, our observations here demonstrate that circuits formed by subplate neurons are needed both for strengthening and for selective remodeling of thalamocortical excitatory synaptic connections that underlie the development of columnar organization in cortex. 
1). (F)
Cumulative mEPSC frequency histograms and bar graph (inset) show that mEPSC frequency is 3.6-fold higher in ablated slices (2.34 Ϯ 1.34 Hz for ablated, n ϭ 13, compared to 0.65 Ϯ 0.08 Hz for control, n ϭ 13; P Ͻ 0.001, double asterisks). John B. Hogenesch 1,3 † Although mice lacking rod and cone photoreceptors are blind, they retain many eye-mediated responses to light, possibly through photosensitive retinal ganglion cells. These cells express melanopsin, a photopigment that confers this photosensitivity. Mice lacking melanopsin still retain nonvisual photoreception, suggesting that rods and cones could operate in this capacity. We observed that mice with both outer-retinal degeneration and a deficiency in melanopsin exhibited complete loss of photoentrainment of the circadian oscillator, pupillary light responses, photic suppression of arylalkylamine-N-acetyltransferase transcript, and acute suppression of locomotor activity by light. This indicates the importance of both nonvisual and classical visual photoreceptor systems for nonvisual photic responses in mammals.
R E P O R T S
The eye is the principal mediator of light input to the central nervous system in mammals. In addition to vision, the eye mediates several nonvisual responses to light, including photoentrainment of the circadian oscillator, constriction of the pupil, acute suppression of pineal melatonin, acute suppression of activity (masking) in nocturnal mammals, and regulation of sleep latency. Many of these responses persist in mice that are visually blind from outer-retinal degeneration but are abolished by bilateral enucleation of the eyes (1) . Here, we demonstrate the presence of inner-retinal, nonvisual ocular photoreceptors that specifically subserve these nonvisual photic responses. Intrinsically photosensitive retinal ganglion cells (ipRGCs) (2, 3) project to brain sites that mediate many of these ocular, yet nonvisual, responses to light, including the suprachiasmatic nucleus (SCN), the intergeniculate leaflet, and the olivary pretectal nucleus, which mediates pupillary light reflexes (PLR) (1) . The photosensitivity of these cells ex vivo depends on the presence of melanopsin (Opn4), a member of the opsin family of photopigment proteins (4 ).
Whereas melanopsin-deficient (Opn4 -/-) mice exhibit moderate attenuation in lightinduced phase resetting of the circadian oscillator (5, 6) and reduced PLR under high irradiance levels (4), most nonvisual photic responses in these mice remain largely intact. This suggests either the presence of additional inner-retinal photoreceptors, or contributions from the outerretinal classical photoreceptors to nonvisual photoresponses. To test the latter hypothesis, we generated mice that were deficient in both melanopsin and classical photoreceptors by breeding Opn4 -/-mice (5) with the C3H/HeJ mouse strain that carries the retinal degeneration (rd) mutation (7). Mice homozygous for the rd allele are visually blind as a result of a primary degeneration of the rods and a secondary loss of cones, but they retain melanopsin-containing RGCs (fig.  S1 ). The Opn4 -/-; rd/rd mice were healthy and viable with intact optic nerves. Outer retinal degeneration was indistinguishable between rd/ rd and Opn4 -/-; rd/rd mice ( fig. S1 ). To assess the circadian photoentrainment and acute light suppression of activity, we subjected the Opn4 -/-; rd/rd mice, littermate wild-type, rd/rd, and Opn4 -/-mice to a 24-hour light:dark (LD) cycle (8L:16D) (7). Under conditions of constant darkness (DD), mice have a free-running circadian locomotor period of less than 24 hours. However, in a 24-hour LD cycle, photic input to the oscillator makes a small phase adjustment in each cycle and synchronizes the clock to an exact 24-hour period (photoentrainment). Wild-type mice and the single Opn4 -/-and rd/rd mutants entrained normally and consolidated their wheel-running activity to the dark period of the LD cycle ( Fig. 1) as has been previously reported (5, 6, 8) . In contrast, the Opn4 -/-; rd/rd mice failed to entrain to the external lighting cycle and continued to exhibit free-running rhythms ( Fig. 1 and Table 1 ). In addition, increasing the light intensity to 800 lux during the photoperiod and increasing the photoperiod to 12 hours failed to entrain these mice ( Fig. 1 and Table 1; fig. S2 ).
All four genotypes exhibited free-running DD periods of Ͻ24 hours (Table 1) . Under constant light (LL) conditions, most nocturnal articles Spontaneous correlated neuronal activity represents a hallmark of the developing central nervous system (see refs. 1-4 for review). The mechanisms underlying these spontaneous oscillations are highly distinct and include communication through gap junctions and Ca 2+ release from intracellular Ca 2+ stores in the cortex 5, 6 , activation of acetylcholine receptors in the retina 7 and the depolarizing action of GABA A receptors in the hippocampus 8, 9 . The oscillations differ not only in the underlying mechanisms, but also in their specific patterns. For example, retinal waves are initiated at random locations and travel in different directions through a subset of retinal cells 7, 10 . The same retinal cell can sequentially participate in different waves of activity that travel in various directions. By contrast, the hippocampal early network oscillations represent stereotypical activity patterns that involve the whole neuronal population and recur with regular frequency 9 . The region specificity of the spontaneous oscillatory activity patterns is believed to promote the establishment of region-specific connections 11 .
So far, spontaneous oscillatory activity in the immature neocortex is detected only in individual cells 12, 13 , in cell pairs 14 or in rather small groups of 5-50 neurons, so-called 'neuronal domains' 5 . These spontaneous cortical activities are also very different mechanistically. They are mediated either by activation of metabotropic glutamate 13 or GABA A 12 receptors or by passage of IP 3 through gap junctions 6 . The restricted amount of synchronous oscillatory activity in the neonatal cortex and the small size of spontaneously active neuronal domains seem to be consistent with the very low density of synaptic contacts, as demonstrated both morphologically 15, 16 and functionally 17 . However, it remains unclear how such local types of neuronal activities can promote the establishment of long-range neuronal connections, which are typical for both excitatory and inhibitory neurons in the adult cortex 18 and are found in the developing visual cortex already at the time of eye opening, before extensive visual experience 19, 20 . These long-range connections are thought to represent the morphological basis for 'binding' signals-oscillatory electrical activity underlying the reintegration or 'binding' of information acquired by different receptive fields into a single perceptual entity 21 .
Here we identified a form of large-scale spontaneous oscillatory activity using two-photon imaging to simultaneously monitor intracellular calcium concentration ([Ca 2+ ] i ) in thousands of cortical neurons in newborn rat slices. In marked contrast to previously detected activities, these cortical early network oscillations involved the entire network of neurons, were highly correlated across the cortical slice and consisted of Ca 2+ waves propagating along the longitudinal axis of the cortex, crossing anatomical boundaries between different cortical subregions.
RESULTS
Our approach enabled real-time functional analyses of fairly large cortical networks in the immature rodent brain (Fig. 1) . We prepared acute brain slices of the desired brain region (Fig. 1a and c) and then stained the cells with a fluorescent, membrane-permeable ion indicator dye 12, 22 . For example, the Ca 2+ indicator dye fura-2 AM routinely stained all neurons within the top 50-150 µm of the slices efficiently. When imaging this preparation with a two-photon laser scanning microscope 23, 24 , we could simultaneously monitor thousands of neurons in a thin 'optical' section within the slice 24 . The improved depth penetration and the high sensitivity of two-photon imaging 25, 26 allowed us to record at a depth at which we would expect cells to be minimally, if at all, affected by the slicing procedure. Images were obtained at various magnifications (Fig. 1c-e) . At high magnifications, individual neurons and their dendrites could be resolved (Fig. 1e) and functionally analyzed. Recordings with a good signal-to-noise ratio were obtained at relatively low excitation intensities. Under these conditions, no significant photobleaching or photodamage was observed; thus, it was possible to measure fluorescence continuously for long periods (up to eight hours).
We used two-photon imaging to investigate the cellular activities in brain slices from newborn rats. Surprisingly, instead of small active domains 5 , prolonged examination of slices from one-or two-day-old (P1-P2) rats (Fig. 2a) revealed prominent spontaneous, transient elevations in the intracellular Ca 2+ concentration that occurred globally throughout the cortex (Fig. 2b) . These Ca 2+ transients recurred at very low rates (approximately once per 1-12 minutes; Fig. 2e and f) and were correlated throughout the entire cortical slice over distances of 8 millimeters or more. Each trace in Fig. 2b shows population responses from about 5000 neurons recorded at low magnification. These spontaneous network oscillations of intracellular Ca 2+ levels were a robust phenomenon that persisted for many hours with little alteration, even after over seven hours of continuous fluorometric recordings (Fig. 2d) . Individual waves occurred either as bursts of Ca 2+ transients, mostly in the posterior (entorhinal) and the anterior (perirhinal/insular) region, or as single transients in the middle portion (temporal/perirhinal) of the cortex (Fig. 2c) . In recordings from seven slices, the activity was analyzed in the different anatomical layers of the temporal/perirhinal cortex. We found that the activity was always present in all cortical layers, further indicating that the whole cortical network was involved in this large-scale spontaneous neuronal activity. Therefore, we termed this new form of spontaneous activity cortical early network oscillations (cENO).
In view of the weakly developed synaptic connectivity in the cortex of neonates 3, [15] [16] [17] 27 , it is important to know how many neurons participate in the cENOs. Comparison of the population activity recorded in a region covering 38 neurons (Fig. 3a-c) to the activity registered in 2 individual neurons of this group (Fig. 3d) demonstrated a tight correlation of most signals. Asynchronous, small Ca 2+ signals were sometimes detected in the individual neurons (Fig. 3d) . These Ca 2+ transients may be associated with action potentials firing out of phase. The cENO-associated Ca 2+ transients were not restricted to the cell bodies but were always present in the main apical dendrite of each pyramidal neuron (Fig. 3d) . Interestingly, cENO-associated Ca 2+ transients were detected in almost all neurons (32 of 38) within the cortical region shown in Fig. 3b . In another experiment, more than 100 cells were analyzed (Fig. 3e) . Again, most neurons of this group responded during almost every wave of the cENOs with a high degree of synchrony. Taken together, such analyses of 771 cells in 11 slices (groups of 30-200 cells) revealed that 87 ± 3% of the neurons examined participated in the cENOs.
The cENO-associated Ca 2+ transients were closely correlated with changes in the field potential (Fig. 3f) recorded with extracellular electrodes. Similar cENO-associated changes in field potential were also observed in non-stained and non-imaged slices (Fig. 3g) , indicating that neither the staining procedure nor the imaging-associated illumination significantly affected the oscillatory activity. Field potential transients had comparable amplitudes and durations in both cases (Fig. 3h) . Notably, the amplitudes of the field potentials were very small both in stained (51 ± 4 µV, n = 47 events, 4 slices, P3-P5 rats) and in non-stained slices (63 ± 2 µV, n = 304 events, 5 slices, P4 rats), with a signal-to-noise ratio that was far inferior to that obtained by Ca 2+ imaging. When examined at higher temporal resolution by using linescan recordings (sampling rate 160 Hz), each oscillatory event represented a spreading wave of activity (Fig. 4) . A Ca 2+ wave (Fig. 4a) was monitored at three points over a distance of 4.7 mm to yield posterior, intermediate and anterior time traces (Fig. 4b) . At higher magnification (Fig. 4c-e) , the propagation could be easily resolved at the level of individual neurons as a series of sequential responses. In the majority of cases (84 ± 7%, n = 18 slices), the waves of activity propagated from posterior to anterior within the slice (Fig. 4a-f) . However, in 7 of 18 slices, we also observed waves traveling in the opposite direction ( Fig. 4e and f) . Propagation speeds measured on the level of single cells (2.0 ± 0.4 mm per s, n = 8 slices) and for long-range propagation (2.1 ± 0.5 mm per s, n = 5 slices; Fig. 4g ) were similar. The speed of propagation in the opposite, anterior-to-posterior direction (1.6 ± 0.3 mm per s; n = 4 slices) was slightly, but not significantly (p = 0.45, Student's two-tailed t-test), smaller then the speed of propagation in the posterior-to-anterior direction. When the line-scan measurements were conducted in the vertical direction, across cortical layers (n = 8 slices, 16 locations in entorhinal, temporal and perirhinal cortices), the cENOs were detected in all layers almost simultaneously, with only small deviations along the vertical axis toward the cortical surface. 
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We next examined the mechanisms underlying the initiation of cENOs. In contrast to gap junction-mediated activity in cortical domains, the cENOs were completely and reversibly blocked by tetrodotoxin (TTX, 250 or 500 nM; n = 7 slices; Fig. 5a and c) . Furthermore, the frequency of the cENOs was reduced by lowering the temperature from 32°C to 20°C (78 ± 19% of control, n = 5; p = 0.22, Student's two-tailed t-test; Fig. 5b and d) , and not enhanced, as found for the activity in cortical domains 28 . In addition, the number of Ca 2+ transients within the cENO-associated Ca 2+ burst decreased at 20°C to 59 ± 9% of the control value (Fig. 5e) . The cENOs were also completely and reversibly blocked by a mixture of ionotropic GABA-and glutamate receptor antagonists (10 µM CNQX + 50 µM D,L-APV + 20 µM bicuculline, n = 5) and thus they seem to require active chemical synapses. When the effects of these antagonists were studied separately, we found that CNQX completely and reversibly blocked cENOs even at concentrations as low as 2 µM (n = 6, Fig. 6b and e) , whereas even 20 µM bicuculline failed to block cENOs (n = 9, Fig. 6d and e) . The cENOs were also completely and reversibly blocked by 50 µM APV (n = 5). The effects of blockers were independent of the age of the rat (one to five days) from which the slices were obtained. Both CNQX and APV blocked cENOs in all cortical regions throughout the slice, suggesting that the activation of ionotropic glutamate receptors is essential for initiation of cENOs. The experiments also demonstrated some distinctive functional properties of cENOs (Fig. 6) . Besides the much higher rates of repetition of hippocampal early oscillations as compared with those detected in cortex, antagonists of AMPA and of GABA A receptor channels had opposite, reciprocal effects in these two regions ( Fig. 6b and d ) in all seven slices tested. Even at P1, the cENOs critically depended on activation of AMPA receptors and made no use of the depolarizing GABAergic transmission ( Fig. 6b and d) .
An additional distinctive feature of cENOs was their rapid, region-specific developmental changes in the frequency of oscillation during the first postnatal days. The network oscillations emerged after birth as a rather coherent activity in the majority of neurons of the entire cortex (92 ± 3% coherency, n = 347 waves, 11 slices, 8 rats; Fig. 2b) . The median interval between individual waves was around four minutes in all cortical subregions (Figs. 2f  and 7b) . During the following days of development, the frequencies of activity recorded in the posterior (entorhinal cortex) or in the more anterior cortical regions diverged rapidly (Fig. 7a) . Whereas the rate remained almost constant until P4 and then steeply increased at P5-P6 in the entorhinal cortex, it continuously dropped in the temporal/perirhinal/insular cortex, reaching values of 1 wave per 20-50 minutes at P4 (Fig. 7a  and b) . Note that the majority (74 ± 13%, n = 38 waves, 7 slices) of these Ca 2+ waves were correlated with one of the more frequently occurring waves in the posterior cortex (Fig. 7a) , and only 26% were more localized and restricted to the perirhinal/insular cortex. Furthermore, the Ca 2+ waves maintained their region-specific patterns at least until P5. Thus the oscillatory activity in the entorhinal cortex was characterized by bursts of Ca 2+ transients (on average, 2.5 ± 0.3 Ca 2+ transients per burst; n = 26 slices), whereas in all other areas it consisted of a mixture of single and paired Ca 2+ transients. In all areas studied, we occasionally observed large bursts comprising up to 4-6 Ca 2+ transients. For better quantitation, the baseline-subtracted area under the measured fluorescence trace was taken as an integral measure of the strength of cENOs 9 . In all cortical subregions, the area progressively decreased with development ( Fig. 7c) and, finally, no cENOs were detected in the cortex after P6. This decrease in the overall activity, however, showed region specificity. In the entorhinal cortex, the developmental increase in frequency was paralleled by a significant decrease in the amplitude, whereas the amplitude of the cENO-associated Ca 2+ transients in the anterior cortex remained constant but their frequency decreased considerably ( Fig. 7a and b ; note different scaling of the traces in a). No cENOs were observed in the anterior cortex beyond P5, even during long periods (two to three hours) of continuous recording. A final set of results provided evidence that the developmental disappearance of cENOs may be determined by the switch from GABAergic excitation to inhibition. Consistent with this assumption, we found that the mean amplitude of GABA-mediated Ca 2+ transients gradually decreased during postnatal development (Fig. 8) . By using the ratio of GABA-against KCl-evoked Ca 2+ transients, we found that the amplitudes of the responding neurons reached a minimal value around P5 (Fig. 8e) . From birth until P5/P6, during the time of the most intensive cENO activity, more than 90% of all examined cortical neurons produced GABA-mediated Ca 2+ transients (Fig. 8a, b and f) . Around P7/P8, the time at which cENOs are no longer detected, however, the proportion of the responding neurons dropped to 41% (Fig. 8f) . Furthermore, bicuculline, which was ineffective in blocking the initiation of cENOs (Fig. 6d and e) induced oscillatory cENOlike Ca 2+ waves in slices from rats 7 or more days old (n = 4; Fig. 7d ). Taken together, these findings clearly indicate that, whereas GABAergic excitation was unnecessary for initiation of cENOs early after birth, overall GABAergic inhibition beyond P7/P8 was sufficiently strong to suppress cENOs.
DISCUSSION
Two-photon Ca 2+ imaging revealed a previously undescribed type of spontaneous activity in the developing cortex. The TTX sensitivity of these cENOs and their dependence on activation of ionotropic glutamate receptors suggest that they require synap- tic transmission. This contrasts with other previously described forms of spontaneous correlated activity in the immature cortex 5, 14 . It remains to be investigated whether the action of glutamate during cENOs is mediated solely through conventional synapses, or whether it also involves spillover of transmitter from conventional synapses to extrasynaptic receptors 29 and/or nonsynaptic release of transmitter, as is suggested for taurine 30 . The importance of AMPA receptors for the initiation of cENOs was unexpected in view of GABA's widespread depolarizing action in the immature cortex 12, 22 and its importance in generation of hippocampal ENOs 9,31 . However, the cortical early network oscillations, unlike the hippocampal ones, persisted in bicuculline. Even at P1, the cENOs were extremely sensitive to low concentrations of CNQX (2 µM), which only partially blocked AMPA receptors 32 . This suggests that in the developing cortex, synapses with functional AMPA receptors have a much more pronounced impact than in the hippocampus at the same age, where 80% of all glutamatergic synapses are 'silent' 33 . Thus, the maturation of excitatory glutamatergic transmission in the cortex seems to occur earlier than in the hippocampus, in line with findings that only 34% of all thalamocortical synapses are silent at P2 (ref. 34) . A characteristic feature of cENOs was their propagation along the longitudinal axis of the cortex. The average speed of propagation of cENO-associated Ca 2+ waves was 2 mm per second, different from the speeds of propagation found within cortical domains (100 µm per second; ref. 28) , in the retina (200-400 µm per second; ref. 35) or in the hippocampal formation (8 mm per second; ref. 36). Although the usual cortical 'pacemaker' seemed to be located in the entorhinal cortex, cENOs were also sometimes found to emerge from anterior cortical regions. This suggests that more than one region is a potential pacemaker of cENOs. Remarkably, the speed of propagation of cENOs is most similar to the mean velocity found for the spread of non-synaptic epileptiform activity in the adult hippocampus (1.7 mm per second), which involves the sequential recruitment of inactive neurons through a wave of extracellular K + released by active neurons 37 .
What might be the function of cENOs? In the immature central nervous system, transient elevations of the intracellular Ca 2+ concentration are important in many aspects of growth and differentiation. These include proliferation 38 , gene expression 39, 40 , neuronal migration 41 , motility of axonal and dendritic growth cones 42 , clustering of the postsynaptic receptor-channels 43 and activity-dependent maturation of glutamatergic synapses 33 . Many of these Ca 2+ -dependent processes require repeated, cyclic changes of the intracellular Ca 2+ level: in the developing spinal cord 44 , for example, the speed of growth cone migration is controlled by the frequency of spontaneously occurring Ca 2+ transients. Therefore, growth cones experiencing a high frequency of Ca 2+ transients (10-12 per h) migrate slowly or retract, whereas growth cones experiencing a low frequency of Ca 2+ transients (0-0.4 per h) migrate rapidly. As the cENOs are comparable in frequency and involve large populations of neurons, they represent a prime candidate to promote neuronal development and to 'synchronize' development over large cortical regions.
In conclusion, our results indicate that the spontaneous patterned activity in the developing cortex is far more complex than has been previously anticipated. It seems to consist of large-scale cENOs acting in concert with more localized, mechanistically distinct oscillations 5, 14 . Although all types of synchronous activity may sculpt neuronal circuits by reinforcing connections among coactive cells 3 , their specific assignments may differ. Because of the radial organization and distinct borders of the local domains, correlated activity within these structures would promote the columnar organization of the cortex 5 , whereas cENOs would be particularly important for the establishment of long-range neuronal connections. Thus, during the earliest postnatal stages, the intrinsic cENOs might serve as a pacemaker that determines a coherent and coordinated development of the weakly interconnected cortical subregions.
METHODS
All experimental procedures were approved by local government authorities. Horizontal cortical slices (400-500 µm) were prepared from 116 Wistar rats aged from P0 (the day of birth) to P12, as previously described 45, 46 . The extracellular solution was continuously bubbled with 95% O 2 and 5% CO 2 at 32°C and contained 125 mM NaCl, 4.5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 and 20 mM glucose at pH 7.4. For fluorometric Ca 2+ measurements, slices were loaded with the membrane-permeable form of fura-2 (fura-2 AM, Molecular Probes, Eugene, Oregon or fura-PE3 AM, TefLabs, Austin, Texas) using standard procedures 9 .
Fluorometric recordings were made using a custom-built two-photon laser-scanning microscope 23 based on a Ti:sapphire laser system ('Tsunami' and 'Millennia' , both from Spectra-Physics, Mountain View, California) that provided mode-locked laser light (pulse width <100 fs; repetition rate, 80 MHz, center wavelength, 790 nm) and a laser-scanning system (MRC 1024, Bio-Rad, Herts, UK) attached to an upright microscope (BX 50 WI, Olympus, Tokyo, Japan). Either water-immersion objectives (10×, 0.3 NA; 40×, 0.8 NA; 60×, 0.9 NA; all from Olympus) or dry objectives (1.9×, 0.14 NA, Olympus; 5×, 0.25 NA, Zeiss, Oberkochen, Germany) were used. For recordings with dry objectives, the recording chamber was sealed with a 0.13 mm-thick cover glass (Fisher Scientific, Pittsburgh, Pennsylvania) to prevent image distortion due to fluctuations in the bath solution level. Image analyses were Extracellular field potentials were low-pass filtered at 1 kHz, recorded with a custom-made DC amplifier and digitized at 5 kHz with an A/D converter (ITC 16, Instrutech, Port Washington, New York) controlled by Pulse software (HEKA, Lambrecht, Germany). The recording microelectrodes (resistances of 0.9-1.2 MΩ) were filled with 3 M NaCl and positioned in layer II/III of the cortex. GABA-and K + -containing solutions were pressure-applied from fine pipets (resistances of 6-12 MΩ when filled with extracellular solution) using a Picospritzer II (General Valve, Fairfield, New Jersey). To obtain saline containing 80 mM K + , 80 mM NaCl was substituted for KCl in the standard extracellular solution. The tips of both drug application pipets were placed near (∼5 µm) the target neuron. Brief (500 ms) applications of the drugs usually evoked a Ca 2+ -response in this neuron and in adjacent secondary neurons within a radius of ∼5 µm. We used only primary target neurons for the amplitude analysis, whereas we also included the immediately adjacent secondary neurons in the calculation of the total number of responding cells. We determined the baseline-subtracted areas under fluorescence 
